Synopsis Vertebrate sickness behaviors, which include lethargy, anorexia, and decreased libido, can facilitate defense against pathogens by conserving energy for use in other immune responses and by limiting parasites' access to nutrients. Such benefits come with considerable costs, however, as lethargy decreases the time available for other fitness-enhancing activities and dampened libido directly reduces reproductive prospects. While the degree of sickness behaviors expressed varies among individuals, populations, and species, the ecological and physiological factors driving this diversity remain unclear. Here, we consider how an organism's ecological context and life-history strategy may impact the ways in which it balances the costs and benefits of sickness behaviors to enable or suppress its expression. Striking an appropriate balance requires physiological assimilation of information about external ecological conditions as well as about the status of infection and host nutrition. This integration requires multi-directional communication among the endocrine, nervous, and immune systems, the purview of the field of psychoneuroimmunology. This discipline portrays cytokines, signaling molecules originally characterized solely by their roles within the immune system, as key mediators of a brain-immune network that ensures the adaptive expression of sickness behaviors. Study of these molecules and the behaviors they coordinate in an ecological context will greatly augment our understanding of the natural variation in immune function found among wild animals.
Introduction
In the study of animal behavior, the absence of a particular behavior can be as important as its presence. For example, many songbirds breeding at high latitudes greatly diminish territorial behaviors once their eggs hatch and provisioning of nestlings takes priority (Wingfield et al. 1997) . In this case, it is not only the increased parental care that is crucial to the survival of offspring, but also the decrease in other activities that frees up time for parenting.
One of the most universal and striking examples of reductions in otherwise adaptive behavior occurs during illness. These sickness behaviors can include changes such as lethargy, anorexia, somnolence, and decreased libido (Hart 1988; Kent et al. 1992b; Exton 1997) . Benjamin Hart (1988) was the first to suggest that sickness behaviors are adaptive, enabling animals to increase clearance of pathogens by directing energy to immune responses and away from activities immaterial to surviving infection. Sickness behaviors can incur considerable costs, however, often decreasing foraging, territorial defense, mating, parental care, and the like Aubert et al. 1997; Bonneaud et al. 2003; . Increased lethargy may also render sick animals more susceptible to predation or further parasitism Edman 1983, 1984) . Historically, sickness behaviors were predominantly studied from the perspective of improving human health (Kent et al. 1992b) . While recent research has begun to document substantial variation in sickness behaviors among wild vertebrates (Lee et al. 2005; Owen-Ashley and Wingfield 2007; Martin et al. 2008a) , understanding the ecological, evolutionary, and physiological factors underlying this variation remains an ongoing challenge.
To determine how animals balance the costs and benefits of sickness behaviors, this response must be investigated within the context of an animal's environment. Moreover, a complete understanding of sickness behaviors requires knowledge of the interactions between the immune system and the brain, and how ecological context can modify these. Beginning with the seminal discovery that immunosuppression 1 E-mail: jsadelma@princeton.edu can be classically conditioned (Ader and Cohen 1975) , the field of psychoneuroimmunology has revealed such links between the nervous and immune systems. In recent decades, it has become increasingly clear that these systems also interact closely with the endocrine system (Besedovsky and del Rey 1996) , thereby providing a means of integrating environmental, social, and physiological information into mounting an adaptive response to infection (Wingfield and Farner 1993; Nelson et al. 2002; Adkins-Regan 2005) .
Here, we describe the relationships among the immune, endocrine, and nervous systems as they pertain to the regulation of sickness behaviors in vertebrates. After a brief introduction to the vertebrate immune system, we discuss investment in immune function in the context of life history, providing a framework for understanding natural variation in immune responses, and in sickness behaviors in particular. We then explore cytokines, immune signaling molecules, as crucial intermediaries among the immune, endocrine, and nervous systems in regulating sickness behaviors. Finally, we discuss directions for future research, including the insights to be gained from comparative study of sickness behaviors in natural contexts and the potential effects of these behaviors on the transmission of disease.
The vertebrate immune system
The vertebrate immune system is a complex network of soluble proteins, cells, tissues, and organs that help organisms prevent, control, or tolerate infections. Historically, the immune system has been divided into innate and adaptive arms. Innate responses are generally rapidly induced and include inflammation, heterothermia, and elevated liver function. Mediators of innate immunity are similarly diverse and consist of macrophages, natural killer cells, granulocytes, and various blood-borne factors (e.g., complement, natural antibodies, anti-microbial enzymes). Adaptive immune responses involve B lymphocytes and T lymphocytes (alternatively, B-cells and T-cells) and generally require more time for functionality (days to weeks). B lymphocytes are responsible for producing antibodies and encoding information about prior infection. T lymphocytes have many functions, but predominantly promote B-cell function (Th2 helper T-cells) or control intracellular infections (Th1 helper T-cells, cytotoxic T-cells). Despite these classifications, innate and adaptive immunity do not function completely independently; innate immune components often activate and influence adaptive components and vice versa (Janeway 1999) .
Given the cross-talk among immune components, a more general characterization of immune responses has proven illuminating for ecologists and evolutionary biologists. In other words, it is less important for biologists working on nonmodel organisms to identify the arm of the immune system involved than it is to reconcile how effective the response is, given its costs. To predict when and how effectively wild animals will combat infections, it is therefore as important to consider whether immune defenses are specific, nonspecific, constitutively expressed, or induced only upon encountering a pathogen (Schmid-Hempel and Ebert 2003) . Each class of response has advantages and disadvantages, irrespective of its molecular and cellular identity.
Sickness behaviors are an induced, nonspecific defenses that can occur in response to bacteria, viruses, and multi-cellular parasites. Sickness behaviors can include lethargy, somnolence, anorexia, adipsia (decreased water intake), anhedonia (decreased participation in pleasurable activities), and decreased libido (Hart 1988; Kent et al. 1992b; Exton 1997) . Sickness behaviors accompany other early, nonspecific responses to infection, known collectively as acute phase responses (APRs). APRs include fever, prolific release of defensive proteins from the liver, and heightened functioning of leukocytes (Hart 1988) . Thus, APRs can be thought of as emergency life-history stages wherein organisms prioritize recovery from infection (Wingfield et al. 1998; Owen-Ashley and Wingfield 2007) .
Sickness behaviors are most commonly studied by exposing an individual to a nonpathogenic antigen, such as lipopolysaccharide (LPS). LPS is a cell-wall component of gram-negative bacteria and its injection simulates the early stages of a bacterial infection (Janeway 1999) . As LPS cannot replicate within the host, it is well-suited for examining sickness behaviors and immune activation themselves, independent of other pathogen-imposed costs of disease.
Immunological investment in an ecological context
The nascent field of ecological immunology has begun to parse the immense variation in immune function, including sickness behaviors, among species, populations, and individuals (Lee 2006; Hasselquist 2007; Owen-Ashley and Wingfield 2007; Martin et al. 2008a Martin et al. , 2008b . One of the most powerful paradigms for understanding this variation has been the principle of life-history trade-offs (Sheldon and Verhulst 1996; Lochmiller and Deerenberg 2000; Lee 2006; Martin et al. 2008b ). An organism's life history entails its progression through various stages of investment in growth, self-maintenance, and reproduction (Stearns 1992 ). Trade-offs occurs when organisms must allocate limited resources, such as energy, nutrients, or time, among these competing activities (Cody 1966; Levins 1968; Stearns 1992; Roff 2002) . Such trade-offs influence the possible combinations of life-history traits seen in nature, which can be conceptualized along a pace-of-life axis (Ricklefs and Wikelski 2002) . Fast pace-of-life species generally exhibit high reproductive effort, but low selfmaintenance and longevity, whereas slow pace-oflife species generally show the opposite.
Within the context of life history, if immune responses incur resource costs, then they should compete with other crucial life-history traits, resulting in trade-offs. Indeed, most immune responses entail significant costs. Induction of an immune response elevates metabolic rate (Roe and Kinney 1965; Demas et al. 1997; Martin et al. 2003) and, conversely, artificial increases in the demand for energy dampen immune responses (Gustafsson et al. 1994; Deerenberg et al. 1997; Nordling et al. 1998; Moreno et al. 1999; Cichon 2000; Ilmonen et al. 2002; Ardia et al. 2003; Ardia 2005a Ardia , 2005b Hanssen et al. 2005; Verhulst et al. 2005) . Immune costs are not limited to energy expenditure, though: acute phase protein synthesis, in particular, increases demands on amino-acid reserves and/or intake (Klasing and Calvert 1999; Klasing 2004) . Restriction of dietary protein can also compromise immune responses (Hoffman-Goetz and Kluger 1979) . These physiological costs often translate into fitness costs, reducing either reproductive success, or even survival (Moret and Schmid-Hempel 2000; Bonneaud et al. 2003; Hanssen et al. 2004; Hanssen 2006) .
Not surprisingly then, immune responses and other life-history traits are often inversely related. Experimental increases in reproductive effort decrease immune responsiveness (Gustafsson et al. 1994; Deerenberg et al. 1997; Nordling et al. 1998; Moreno et al. 1999; Cichon 2000; Ilmonen et al. 2002; Ardia et al. 2003; Ardia 2005a Ardia , 2005b Hanssen et al. 2005; Verhulst et al. 2005; French et al. 2007) . Similarly, experimental induction of immune activity decreases reproductive effort and success (Råberg et al. 2000; Ilmonen et al. 2002; Bonneaud et al. 2003; Lee et al. 2005; French et al. 2007 ; see also French et al., 
this issue).

Sickness behaviors in an ecological context
Understanding how trade-offs influence sickness behaviors requires weighing costs and benefits not just in terms of energy and nutrients, but also in terms of the somatic damage associated with strong immune responses and the time required to express these behaviors. On the whole, sickness behaviors likely conserve metabolic resources; although anorexia limits intake of energy and nutrients, decreased foraging, coupled with lethargy and somnolence, greatly reduces expenditure of these resources (Hart 1988; Exton 1997) . Anorexia also benefits the host by limiting the availability of nutrients crucial to growth and replication of the pathogen, e.g., iron (Grieger and Kluger 1978; Hart 1988; Exton 1997) . Similarly, sickness behaviors alone are unlikely to impose costs arising from damage to tissue. Rather, decreased locomotion (due to lethargy) and decreased digestion (due to anorexia) may reduce production of freeradicals associated with everyday metabolism (Finkel and Holbrook 2000) . If coupled with other APRs, however, sickness behaviors may coincide with fever and the production of reactive oxygen and nitrogen species, which can incur high energetic costs and cause considerable somatic damage (Roe and Kinney 1965; Klebanoff and Clark 1978; Kluger et al. 1998; Finkel and Holbrook 2000) . So, while APRs can exact costs in terms of resources and damage, these emerge from physiological immune defenses, not from sickness behaviors themselves.
In terms of time, lethargy, somnolence, and diminished libido decrease opportunities for parenting, mating, foraging, and territorial defense (Aubert et al. 1997; Avitsur and Yirmiya 1999; Bonneaud et al. 2003; . The severity of these costs depends upon the value of the behaviors to be sacrificed, which will vary depending upon ecological context. Importantly, animals can modulate their expression of sickness behaviors when such costs become too high. For example, during the early breeding season, when territorial defense is of paramount importance (Hiebert et al. 1989; Catchpole and Slater 1995) , male song sparrows (Melospiza melodia morphna) in Washington show little or no reduction in territorial aggression after treatment with LPS (Owen-Ashley and . During the non-breeding season, however, territoriality is greatly reduced by the same simulated infection (OwenAshley and Wingfield 2006). Additionally, female mice treated with LPS and housed at low ambient temperature maintain robust nest building and pup retrieval, which protects the young from cold exposure. At room temperature, however, LPS-treated females significantly reduce nest building and take longer to retrieve pups (Aubert et al. 1997) . Gender can also influence the expression of sickness behaviors, as female, but not male, rats reduce sexual behaviors in response to LPS treatment (Avitsur and Yirmiya 1999) . While male rats increase reproductive success by continuing sexual behaviors during illness, conception during illness can increase mortality and morbidity of both females and pups, suggesting an adaptive role for such differences between the sexes (Avitsur and Yirmiya 1999) . These examples illustrate that when ecological conditions reduce fitness benefits of immediate reproductive behaviors, animals can allocate time away from reproductive effort and toward sickness behaviors.
Taken together, trade-offs involving metabolic resources, somatic damage, and time are potentially powerful drivers of the expression of sickness behaviors. Table 1 lists predictions of how each of these is likely to affect individual sickness behaviors. For example, if conservation of energy and nutrients is of primary concern during infection, strong lethargy and somnolence should occur, but anorexia should be minimal. Sickness behaviors, such as decreased libido, that directly influence reproduction should be adjusted to the residual reproductive value of the individual (RRV), as per the terminal investment hypothesis (Clutton-Brock 1984) . An individual capable of increasing fitness by delaying reproduction has a high RRV, whereas an individual whose fitness would decline from delayed reproduction has a low RRV. Animals in the latter class should not decrease libido when sick, but should prioritize current reproductive success despite infection. Several studies have suggested that immune activation can induce such terminal investment in reproduction (Bonneaud et al. 2004; Hanssen 2006 ). This principle may also help explain the differential modulation of libido between male and female rats during illness: females increase fitness by delaying reproduction when sick (high RRV), whereas males increase fitness through continued sexual behaviors (low RRV) (Avitsur and Yirmiya 1999) .
The predictions in Table 1 may also help clarify variation in sickness behaviors among populations and species. For example, in organisms that engage in frequent or intense territorial defense, courtship, or parental behaviors, and thus experience large constraints on their time, sickness behaviors should be muted, especially when breeding is possible. Freeliving, breeding song sparrows exhibit this pattern; in populations with the smallest clutch sizes and longest breeding season, treatment with LPS reduced both territoriality and locomotion more dramatically than was the case in populations with larger clutch sizes and shorter breeding seasons (J. Adelman et al., submitted for publication). Similarly, among five species of Peromyscus mice, faster pace-of-life species showed very little LPS-induced lethargy, whereas the slowest pace-of-life species expressed pronounced lethargy (Martin et al. 2008a ). Additionally, fastpaced Peromyscus species did not alter food intake whereas slow-paced species reduced it dramatically, suggesting that in fast-paced species, time and energy may drive lethargy and anorexia, respectively and independently (Martin et al. 2008a, see Table 1 ). In contrast, among captive white-crowned sparrows (Zonotrichia leucophrys) in breeding condition, individuals from a faster pace-of-life population showed exaggerated anorexia when compared to a slower pace-of-life population (Owen-Ashley et al. 2008) . While this could suggest that constraints on time, but not energy, are crucial in the faster paceof-life population (Table 1) , patterns were highly dependent upon the birds' initial masses, which differed between groups based upon migratory condition. Experiments explicitly controlling food intake and fat deposition will help clarify such differences. Finally, tree sparrows (Passer montanus), which 
Increases in a given sickness behavior are indicated by ''þ'', decreases by ''-.'' RRV refers to an individual's residual reproductive value. A low RRV suggests that the animal has limited reproductive opportunities beyond the present and would benefit from immediate prioritization of reproduction.
exhibit a faster pace-of-life than do congeneric house sparrows (Passer domesticus), showed more severe lethargy while in the non-breeding state (Lee et al. 2005) . This contradicts the data from other sparrows, mentioned above, and may suggest that constraints imposed by energetic/nutritional status or by damage are more important in the faster pace-of-life tree sparrows. However, differences in breeding status between the birds in this and the other avian studies above may influence the results. Ideally, comparisons of sickness behaviors across species must take breeding status into account. These limited data and the inconsistencies among them highlight a need for expanded research on wild animals facing natural constraints upon their time, energy, and nutritional resources. Predicting a priori which resources are most important for which species is difficult, as evidenced by the variation above. While slow pace-of-life species may benefit most from minimizing damage associated with inflammation (Lee 2006 ) and thus exaggerate the sickness behaviors which help do so, the few species studied so far do not exclusively support this pattern. On the other hand, in fast-paced species there may be selection to minimize time lost during illness (Lee 2006) , and sickness behaviors may be modulated accordingly. Most likely, combinations of resource costs will drive sickness behaviors, perhaps decoupling individual components of the acute phase response. Understanding how different species prioritize different resource costs will require expanded comparative work. While such endeavors present formidable challenges, they will undoubtedly prove highly illuminating.
Integrating ecological factors and the expression of sickness behaviors: cytokines connect the nervous, endocrine, and immune systems Work on natural variation in sickness behaviors among wild animals is in its earliest stages, but much is known about the regulation of these behaviors in laboratory animals. To some extent, this literature may provide a framework for predicting variation in sickness behaviors in natural systems. For example, muted sickness behaviors in female, but not male, rats faced with mating opportunities suggests that species prioritizing short-term breeding success might similarly engage in modest sickness behavior (Avitsur and Yirmiya 1999) . Perhaps the greatest contribution of these laboratory studies, however, is identification of the mechanisms that regulate sickness behaviors (Dantzer 2004 ) and thus link genotypic to phenotypic variation (Ricklefs and Wikelski 2002) . Expanding our knowledge of these mechanisms in terms of their ecological contexts may have important consequences for applied disciplines as well. For instance, understanding why and how some organisms avoid sickness behaviors could inform novel methods for mitigating the spread of disease in wild populations.
Elucidating how and why sickness behaviors vary requires an understanding of how animals physiologically integrate diverse environmental information to mount adaptive immune responses. Information on breeding state, levels of energy and nutrients, and status of infection must converge in the brain to coordinate appropriate sickness behaviors in a given context. The nervous and endocrine systems work in concert to integrate information about nutritional, environmental, and social conditions (Wingfield and Farner 1993; Nelson et al. 2002; Adkins-Regan 2005) , whereas activation of the immune system conveys infection status (Vilček 1998) . Cytokines, which were originally characterized solely as signaling molecules of the immune system, facilitate connections among all three systems (Besedovsky and del Rey 1996; Besedovsky and del Rey 2001). Different cytokines can promote or inhibit inflammation, bias the immune response toward antibody-mediated or cell-mediated immunity, and interact synergistically or antagonistically to enhance or reign in immune responses (Vilček 1998) . Cytokines also influence central and peripheral nervous systems and endocrine organs, and both the nervous and endocrine systems can modulate the release and efficacy of cytokines (Besedovsky and del Rey 1996; Besedovsky and del Rey 2001) . These broad actions help integrate information about both external and internal conditions that is crucial to coordinating effective immune responses, including sickness behaviors.
The chief inflammatory cytokines involved in sickness behaviors (and APRs generally) are interleukin-1b (IL-1b), interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a) (Dantzer 2004) . Upon encountering certain pathogen-associated molecular patterns, innate immune cells release inflammatory cytokines (Vilček 1998) . Among these, the interactions with neuronal and endocrine targets have been most extensively explored for IL-1b (Besedovsky and del Rey 1996; Besedovsky and del Rey 2001; Dantzer 2004 ). Both peripheral and intracerebral (ICV) injections of IL-1b reduce social exploration and this effect can be blocked through ICV treatment with IL-1 receptor antagonist (IL-1ra), revealing a critical role for IL-1b signaling inside the brain in modulating sickness behaviors (Kent et al. 1992a ). This suggests that peripherally secreted IL-1b may act systemically, crossing the blood-brain barrier to influence neural circuits. While some amounts of circulating IL-1b and other cytokines can cross into the brain near the circumventricular organs, where the blood-brain barrier is minimal (Saper and Breder 1994; Laflamme et al. 1999) , cytokine signaling to the central nervous system (CNS) also exploits other pathways. One example is the relay of inflammatory signals via endothelial cells in blood vessels of the brain. Reducing endothelial cells' sensitivity to IL-1b reduced both fever and lethargy in response to intravenous IL-1b (Ching et al. 2007 ). Circulating IL-1b can also stimulate central production of IL-1b through interactions with the peripheral nervous system (Dantzer et al. 2000) . Severing or blocking the vagus nerve's input to the CNS vastly reduces both synthesis of IL-1b in the brain and sickness behaviors associated with peripheral LPS or IL-1b (Bluthé et al. 1994; Bret-Dibat et al. 1995; Laye et al. 1995; Hansen et al. 1998 ; see also Wynne et al., this issue, for further discussion immune-tobrain signaling).
Immune activation and peripheral cytokine production can also influence endocrine function. One of the brain areas most influenced by CNS-derived cytokines is the hypothalamus, which is crucial for regulating both glucocorticoid and gonadal steroid synthesis (Turnbull and Rivier 1999) . Following peripheral immune activation, the secretion of corticotropin releasing hormone (CRH) increases and the release of gonadotropin releasing hormone (GnRH) decreases, which directly increases glucocorticoid synthesis and decreases gonadal steroid synthesis (Rivier and Vale 1990; Turnbull and Rivier 1997; Turnbull and Rivier 1999) . Additionally, cytokines can have direct influences on peripheral endocrine tissues, modulating the release of other hormones, including glucocorticoids, insulin, and leptin (Besedovsky and del Rey 1996; Hardardottir et al. 1996; Sarraf et al. 1997) . These changes in peripheral hormones can feed back on the immune and nervous systems, often via cytokines, to further influence sickness behaviors Besedovsky and del Rey 1996; Goujon et al. 1997; Dantzer 2004) . Below, three specific examples highlight how cytokines link the nervous, immune, and endocrine systems to modulate sickness behaviors in accordance with external factors and internal physiological state.
Cytokines and leptin: resource levels and the expression of sickness behaviors
Leptin is a peptide hormone, produced chiefly by adipose tissue and structurally related to IL-6, that functions as a satiety factor (Ahima and Flier 2000; Steiner and Romanovsky 2007) . Mice with mutations in the ob gene, which encodes leptin, show hyperphagia and become obese (Ingalls et al. 1950; Zhang et al. 1994; Halaas et al. 1995 ). Leptin's roles in sensing resource levels and in adjusting behavior appropriately make it an attractive candidate for modulating immune responses in accordance with energetic reserves. Leptin has numerous effects on immune function including increased delayed-typehypersenstivity and enhanced proliferation of T-cells to mitogens (Lord et al. 1998) .
Importantly for sickness behaviors, leptin also modulates both anorexia and lethargy (Steiner and Romanovsky 2007) . In mice, exogenous leptin decreases the intake of food (Campfield et al. 1995; Halaas et al. 1995; Pelleymounter et al. 1995) . In Siberian hamsters (Phodopus sungorus), the effect of leptin on food intake is the opposite and varies with day-length: hamsters housed under short daylengths decrease anorexia with exogenous leptin whereas those exposed to long days do not respond (Drazen et al. 2001) . Importantly, these outcomes are distinct from the role of leptin in sickness-induced anorexia. Effects of leptin on sickness-induced anorexia are complex and may vary over the course of infection (Steiner and Romanovsky 2007; see next paragraph) . With regard to lethargy, LPS-treated mice lacking leptin receptors showed an exaggerated decrease in locomotion compared with treated wild-type mice (O'Connor et al. 2005 ). This result suggests that when leptin signaling is severely diminished, as when fat stores are extremely low, lethargy may be enhanced in order to conserve energy.
Leptin modulation of lethargy and anorexia requires multidirectional, cytokine-mediated interactions among adipose tissue, immune cells, and the nervous system. Peripheral injections of IL-1b and TNF-a increase circulating leptin during the early acute phase response in mice and hamsters (Hardardottir et al. 1996; Sarraf et al. 1997) . Leptin can then increase anorexia through increased IL-1b signaling within the hypothalamus (Elmquist et al. 1998; Ahima and Flier 2000) . Additionally, the actions of leptin within the hypothalamus can affect the hypothalamic-pituitary-adrenal axis, decreasing glucocorticoid secretion and increasing secretion of IL-1b and TNF-a (O'Connor et al. 2005; Steiner and Romanovsky 2007; see below for more on glucocorticoid actions). Meanwhile, in the periphery, leptin induces IL-1ra expression in monocytes, which dampens further production of inflammatory cytokines (Gabay et al. 2001) and may serve to diminish both fever and sickness behaviors as an infection resolves (Faggioni et al. 1999) . While leptin can have time-and tissuedependent effects on sickness behaviors, cytokines play a crucial role in mediating many of these interactions, providing an important link between the expression of these behaviors and current energetic reserves.
Cytokines and melatonin: seasonal modulation of sickness behaviors
In mammals, melatonin plays a role in seasonal alterations in immune function (Hotchkiss and Nelson 2002) . The pineal gland secretes melatonin when an animal is in darkness and as day-length changes with season, the nightly duration of melatonin secretion accurately informs an animal of the time of year (Hotchkiss and Nelson 2002) . Seasonal and melatonin-driven changes in sickness behaviors have been best studied in Siberian hamsters. Both cytokines and melatonin play important roles in modulating sickness behaviors with season. When hamsters were kept on long days and treated with LPS, they showed more pronounced sickness behaviors (decreases in locomotion, nest-building, and feeding) than when housed under short days (Bilbo et al. 2002; Prendergast et al. 2004 ). As expected from such behavioral differences, inflammatory cytokine levels were higher during long days both in the periphery (IL-1b and IL-6) and in the hypothalamus (TNF-a and IL-1b) (Bilbo et al. 2002; Pyter et al. 2005) . Additionally, seasonal differences in sensitivity to IL-1b may contribute to seasonal differences in sickness behaviors. Exogenous administration of IL-1b induced more pronounced sickness behaviors when hamsters were held under long days than under short days . The role of melatonin as a mediator of these seasonal changes in sickness behaviors was demonstrated via surgical removal of the pineal gland, which largely eliminated differences in sickness behaviors between hamsters on long-day regimens and those on short-day ones . Furthermore, some seasonal alteration in sickness behaviors was attributed to melatonin in the suprachiasmatic nucleus of the hypothalamus; melatonin implants in this location significantly decreased anorexia during LPS-induced sickness (Freeman et al. 2007 ). While direct interactions between melatonin and cytokine signaling remain to be fully elucidated, melatonin upregulates IL-1b, TNF-a, and IL-6 signaling both in mice and humans (Carrillo-Vico et al. 2005) . These linkages strongly suggest that melatonin helps integrate seasonal differences into sickness behaviors through cytokine signaling in the peripheral and central nervous systems.
Cytokines and glucocorticoids: stress and sickness behaviors
One of the best-studied physiological responses to stress is the upregulation of glucocorticoids (GCs), steroid hormones that have broad effects on metabolism, reproductive processes, and immune function (Sapolsky et al. 2000) . When elevated for long periods, GCs tend to dampen immune function by inducing apoptosis in leukocytes, reducing the release of pro-inflammatory cytokines, and/or decreasing the expression of adhesion molecules in the vasculature (McEwen et al. 1997) . These effects may serve to reign-in immune responses (Dantzer 2004 ) and/or minimize autoimmunity (Råberg et al. 1998) . In terms of sickness behaviors, the dominant role of GCs is to maintain lethargy, anorexia, and the like, at modest, but presumably protective, levels (Dantzer 2004) . In the absence of GCs (via adrenalectomy (ADx) or receptor antagonism), lethargy and other sickness behaviors are exaggerated and sensitivity to LPS is increased (Goujon et al. 1995) . These outcomes are partly due to altered actions of inflammatory cytokines in the brain. In ADx mice, treatment with IL-1b reduces social exploration more than it does in intact mice; intracerebral administration of GCs recovers social exploration in ADx mice whereas pharmacological antagonism of GC receptors mimics ADx effects (Goujon et al. 1997 ). Downregulation of inflammatory cytokines by GCs may also serve to depress sickness behaviors during stressful social conditions, as LPS-treated rhesus monkeys showed increased cortisol, decreased IL-6, and muted lethargy when exposed to human intrusion versus when undisturbed (Willette et al. 2007) .
The connections between cytokines, glucocorticoids, and the immune system are also bi-directional, with inflammatory cytokines inducing GC release, thus functioning as a brake on systemic inflammation (Dantzer 2004) . For instance, peripheral IL-1b acts through vagal afferents to increase the release of corticotropin releasing factor (CRF) from the hypothalamus and thus increase adrenal secretion of GCs (Fleshner et al. 1995) . Central IL-1b signaling is also important for increased GC release; inhibition of IL-1b signaling, using IL-1ra, blocks the release of CRF and lowers adrenal secretion of GCs (Shintani et al. 1995; Ericsson et al. 1997 ). As discussed above, increases in GCs can in turn down-regulate synthesis of inflammatory cytokines, thereby reducing sickness behaviors. In the wild, such cytokine-mediated decreases in sickness behaviors would help integrate information about stressful environments, freeing time for emergency behaviors like escape or irruptive migration.
Other endocrine molecules interact with cytokine signaling and sickness behaviors For the sake of brevity, we have focused on three of the best-documented examples of endocrine modulation of cytokine signaling in relation to sickness behaviors. It should be noted, however, that other endocrine molecules also influence cytokine signaling and may be important mediators of differences in sickness behaviors both within and between species. For instance, another hormone involved in managing food resources, ghrelin, helps regulate hunger and is greatly decreased by IL-1b signaling after injection of LPS (Basa et al. 2003; Wang et al. 2006) . Cytokine-ghrelin interactions may be bi-directional, as this hormone can decrease inflammatory signals both in rats and in cultured human cells (Li et al. 2004; Wu et al. 2007) , suggesting that these pathways could help modulate anorexia based upon current resource levels. Additionally, sex steroids have also been shown to modulate the release of cytokines in vitro (Wang et al. 1993; Wang et al. 1999) , and thus could help integrate reproductive state into the physiology of sickness behavior. While a number of ecological studies have examined sex steroids as modulators of other immune responses (Roberts et al. 2004) , few have looked specifically at sickness behaviors. At least in some cases, however, sex steroids can influence sickness behaviors, as in male white-crowned sparrows, which when implanted with testosterone, show diminished anorexia after administration of LPS (Owen-Ashley 2004) . Additionally, progesterone appears to play some role in modulating sickness behaviors during the ovulatory cycle in female rats . As with other neuroendocrineimmune interactions, these examples seem to be dependent on context, gender, or species, which highlights the importance of comparative work in predicting how such physiological connections vary.
Conclusions and future directions
A crucial, if obvious, next step in the study of sickness behaviors is further characterization of these responses and their underlying physiology in diverse organisms. Comparative studies in the wild can illuminate how life history and ecology influence the expression of sickness behavior under natural levels of resources OwenAshley and Wingfield 2006) . One promising method for such studies, radio-telemetry, has recently been used to assess sickness-induced lethargy in free-ranging ungulates (Hetem et al. 2008) and can be applied to diverse animals relatively easily. In addition to field work, comparative laboratory studies limiting time and/or energy will help refine our predictions of how resources can affect sickness behaviors (Table 1 ) and determine what types of species prioritize which resources in their expression of sickness behaviors. These studies may also reveal novel insights into neuroendocrine coordination of immune function and sickness behaviors. For instance, in very slow pace-of-life animals, sickness behaviors may be more influenced by energetic reserves than by reproductive state. As such, cytokine modulation of sickness behaviors in these animals should be more sensitive to leptin or ghrelin than to melatonin or sex steroids. Understanding how life history influences these mechanistic links may help reconcile differences between laboratory model organisms and humans, potentially revealing unexpected approaches to treating human disorders similar to sickness behaviors (e.g., depression) .
Comparative research into sickness behaviors will also have consequences for modeling the spread of disease. Differences in behavior influence contact rates among infected and susceptible individuals and incorporating such heterogeneity improves epidemiological models (Moreno et al. 2002; Meyers et al. 2003; Volz 2008 ). Sickness behaviors have been shown to decrease contact rates in mice and rats, both on the part of the infected animal itself and of healthy animals that avoid individuals expressing these behaviors (Crestani et al. 1991; Bluthé et al. 1992; Renault et al. 2008) . Similar avoidance of infected conspecifics may be enhanced in groups. For instance, increasing group size in three-spined sticklebacks (Gasterosteus aculeatus) increased the avoidance of models of parasitized fish (Sumpter et al. 2008) , although the relative roles of behavioral versus visual cues of infection remains unresolved. Predicting which species and individuals are most likely to express both sickness and avoidance behaviors will require extensive comparative work, but such efforts could improve parameterization of wildlife-disease models with variable contact rates.
Additionally, simple tests to help predict the likelihood of expressing sickness behaviors may come from comparative genetic studies of cytokine signaling in nonmodel organisms. If certain alleles predispose organisms to exaggerated sickness behaviors, rapidly assessing the presence of such alleles in populations could aid in predicting contact rates, which could be of particular use during urgent scenarios of zoonoses or pandemics. Polymorphisms in the promotor regions of human cytokine genes can help predict both cytokine production and the expression of sickness behaviors (Vollmer-Conna et al. 2008) , illustrating that such research is indeed possible.
Taken together, these potential avenues of research highlight the integrative nature of sickness behaviors; these responses can be labile both across individuals and species and depend upon physiological processing of ecological, immunological, and life-history pressures. Research at the interface among these factors will yield novel insights into how selection influences allocation to sickness behaviors, and how to better predict the observed natural variation in these responses. 
